The most traditional method used to measure the lytic activity of cytotoxic T lymphocytes or natural killer (NK) cells is the chromium release assay (CRA). No study has been reported that systematically compares the traditional gamma counting method with various benchtop microplate scintillation formats to measure chromium release. Here we investigated the utilization of microplate beta counters in comparison with the traditional gamma counting method to quantitate antigen-specific cytolysis, lymphokine-activated killer (LAK) activity, and NK activity in the CRA. Supernatants from standard CRA (n ‫؍‬ 7) were directly transferred to a 96-well microplate containing either a solid scintillant (Lumaplate) or a liquid scintillant (flexible beta plate). Samples were quantified by using two benchtop microplate beta counters, Wallac Microbeta Trilux (Lumalux and Trilux methods, respectively) and Packard TopCount instruments (TopCount method). These results were then compared with data from an identical assay run in parallel using the traditional gamma counting method (LKB). The lytic activity for influenza virus-stimulated effectors measured in the benchtop microplate beta counters using Lumalux and Trilux methods exhibited excellent correlations with the one measured in the traditional LKB (r ‫؍‬ 0.967 and 0.968, respectively). The TopCount method demonstrated a similar correlation (r ‫؍‬ 0.966). Similar findings were observed for LAK and NK activity. The 96-well microplate format, specifically the dry-scintillant Lumaplates, offers several advantages over the traditional gamma counting format. Most notable are the reductions in sample volume needed and in the total sample preparation and counting time. Furthermore, this system reduces the amount of dry and mixed radioactive waste generated while using the same instrument for gamma-and beta-emitting isotopes.
CD8 cytotoxic T lymphocytes (CTL) and natural killer (NK) cells play an important role in the control of microbial infections and tumors through cytotoxicity and cytokine production (12) . Several methods for evaluating virus-specific CD8 T cells are available (11) . CTL recognize and kill target cells expressing antigen-derived peptides presented by the class I major histocompatibility complex (12) . The necessity of accurately evaluating vaccine strategies has promoted the development of new methods to detect and quantify virus-specific CD8 T-cell activity (6, 8, 11) . The most traditional method used to measure the function of CTL or NK cells is the chromium release assay (CRA) (2, 13) . This method has been performed with cells obtained from peripheral blood mononuclear cells (PBMC) isolated from freshly drawn blood, cryopreserved PBMC, and cell lines.
The CRA has proven extremely useful in determining functional CTL responses to cancer, viral infections, and vaccines (12, 13) . Despite the disadvantages of having to use radioactive compounds, the requirement for high number of available cells, and time required in assay preparation, this assay still remains in widespread use.
Cytolysis of antigen-specific 51 Cr-labeled targets in the standard CRA is determined by the quantification of 51 Cr released into the supernatant collected from CTL cultures by using traditional gamma counters. Historically, 51 Cr has been considered a gamma emitter, and until the advent of multidetector microplate scintillation counters, the use of gamma counters was favored as the counting method. Considering that 51 Cr actually emits more beta particles than gamma particles, the utilization of the multidetector beta counter to quantitate 51 Cr release presents an attractive alternative over the traditional gamma counter (4, 10) . Simplified procedures utilizing benchtop microplate beta scintillation counters offer several advantages over the traditional method with regard to time and sample management (4, 10) . In these procedures, culture supernatants are directly transferred to microplates retaining the original 96-well microplate format. Multiple wells are counted simultaneously, reducing the overall counting time (4, 10) .
Several studies use one of these three systems, but there is no published literature that systematically compares the results obtained from each of the three instruments. This comparison is important for laboratories that may have access only to a benchtop microplate beta counter and want to initiate the use of CRA to measure CTL activity against cancer-specific or virus-specific antigens.
Here, we investigated the utilization of two different benchtop microplate beta counter instruments, the Microbeta Trilux microplate scintillation beta counter and the Packard TopCount counter, to quantitate 51 Cr release from cytotoxicity assays run in parallel using influenza virus-infected EpsteinBarr virus (EBV)-transformed B-lymphoblastoid cell line (B-LCL) targets, the Daudi and K562 cell lines. 51 Cr release was measured with the Microbeta Trilux scintillation counter by using a 96-well microplate format with either a liquid scintillant (flexible beta plates) or a solid scintillant (Lumaplate). Only the Lumaplate format was used to measure cytolysis with the TopCount instrument. These results were then correlated with data collected by traditional gamma counting from an assay run in parallel.
MATERIALS AND METHODS
Fresh PBMC were obtained from healthy normal volunteers by leukapheresis from the NIH Blood Transfusion Department under an National Institutes of Health Institutional Review Board-reviewed and -approved protocol. For our study, seven independent experiments were performed with cryopreserved PBMC from three different healthy anonymous volunteers. Cells were isolated by Ficoll-Hypaque (Amersham Biosciences, Piscataway, N.J.) gradient centrifugation. PBMC were washed three times in phosphate-buffered saline (Gibco BRL, Grand Island, N.Y.) and resuspended in culture medium (CM) containing RPMI 1640 medium (Gibco BRL) supplemented with penicillin-streptomycin (100 IU/ ml, 100 g/ml; Sigma-Aldrich, St. Louis, Mo.), L-glutamine (2 mM; Gibco BRL), and HEPES buffer (20 mM; Gibco BRL). PBMC were cryopreserved in CM containing 20% fetal bovine sera (FBS; HyClone, Logan, Utah) and 7.5% dimethyl sulfoxide (Sigma-Aldrich) by using a controlled-rate freezer. Cryopreserved PBMC were used to generate antigen-specific CTL effector cells and autologous EBV-transformed B-LCL from each donor to be used as target cells.
Generation of EBV target cells. Cryopreserved PBMC were thawed, washed, and resuspended in CM plus 20% FBS (CM-20) at 6 ϫ 10 6 /ml for the generation of EBV-transformed B-LCL. To each well containing 3 ϫ 10 6 cells, 0.5 ml of EBV supernatant obtained from B95.8 marmoset cell line (American Type Culture Collection, Manassas, Va.) and 2 g of anti-CD3 monoclonal antibody (Pharmingen, San Diego, CA) per ml were added (9) EBV-transformed B-LCL were cryopreserved until needed. B-LCL were thawed and placed in CM plus 10% FBS (CM-10) for 3 days prior to CRA.
Preparation of targets for CRA. Cultured EBV-transformed B-LCL were washed in CM and counted, and viability (Ͼ90%) was determined. B-LCL (2 ϫ 10 6 cells) were incubated in a 200-l volume with either CM (control target) alone or a 1:4 final dilution of influenza virus (American Type Culture Collection) at 37°C in 6% CO 2 for 1 h, with gentle agitation every 20 min (1). B-LCL were washed and labeled with Na 2 51 CrO 4 (100 Ci/10 6 cells; Perkin-Elmer, Boston, Mass.) for 2 h at 37°C in 6% CO 2 with gentle agitation every 30 min. 51 Cr-labeled B-LCL were washed three times in CM-10 and adjusted to 5 ϫ 10 4 cells/ml. Cell viability was determined by trypan blue exclusion.
In some experiments (n ϭ 4), K562 cells were used to determine NK activity and Daudi cells were used as targets for LAK activity (4, 7) . PBMC cultured in the presence of interleukin-2 (IL-2; 5 IU/ml; Hoffman-LaRoche, Basel, Switzerland) were used as effectors for the NK cell and LAK assays. An aliquot of 2 ϫ 10 6 cells was removed from each cell line, washed, and labeled with Na 2 51 CrO 4 (100 Ci/10 6 cells; Perkin-Elmer) for 2 h at 37°C in 6% CO 2 with gentle agitation every 30 min. 51 Cr-labeled Daudi and K562 cells were then washed three times in CM-10 and adjusted to 5 ϫ 10 4 cells/ml. Cell viability (Ͼ90%) was determined by trypan blue exclusion.
Generation and preparation of antigen-specific CTL effector cells. Cryopreserved PBMC were thawed, washed, resuspended in CM-20 at 3 ϫ 10 6 cells/ml, and incubated with influenza virus at a final concentration of 1:100, as previously described (1) . PBMC incubated in CM alone were used as control effectors. Cultures were incubated at 37°C in 6% CO 2 for 7 days. On day 3, IL-2 was added to each well at 5 IU/ml. Cultured PBMC were harvested on day 7 and resuspended in CM-10 at 5 ϫ 10 6 cells/ml. Viability was ascertained as described above.
CRA. Autologous EBV-transformed B-LCL were used as target cells for the influenza virus-specific CTL assays. Equal volumes of target (5 ϫ 10 4 cells/ml) and effector cells were added to triplicate wells of 96-well tissue culture plates, and 1:2 serial dilutions of effectors were made, producing effector-to-target (E:T) ratios of 100:1, 50:1, 25:1, and 12.5:1 (9) . Spontaneous release of 51 Cr was assessed by the incubation of target cells in medium alone, and maximum release of 51 Cr was determined by the incubation of target cells in 0.1% Triton X-100 (Sigma-Aldrich). CRA plates were set up in duplicate to run traditional gamma counting in parallel with the other counting platforms. After a 4-h incubation of the effector cells with the target cells at 37°C in 6% CO 2 , supernatants were collected following brief centrifugation.
For the traditional measurement of 51 Cr release, the supernatant was collected from one of the duplicate CRA culture plates into filters of supernatant collection system harvesting frames (Molecular Devices Skatron, Sunnyvale, Calif.) and transferred to polystyrene tubes to be counted with the LKB 1272 Clinigamma counter (Wallac). This method (LKB) was run in parallel with other methods adapted from manufacturers' recommendations.
The supernatant from the second duplicate CRA culture plate was collected and transferred to a new 96-well microplate (supernatant plate), and aliquots were taken from this plate for each of the following procedures. For the methods using the Lumaplates (Perkin-Elmer), an aliquot of 50 l was directly transferred from the supernatant plate to the Lumaplate and allowed to air dry in a hood overnight. Lumaplates are opaque-walled 96-well microplates containing a thin layer of solid scintillant on the bottom of the wells. Plates were sealed and counted in the Packard TopCount counter (Perkin-Elmer) for 1 min per well with dual detectors using a 0-to-256 channel window with the instrument protocol set for solid scintillant conditions (TopCount method). The isothermal counting chamber of the instrument was set at 19°C. The same Lumaplates were then counted on the Microbeta Trilux instrument (Perkin-Elmer) (Lumalux method) for 1 min per well with dual detectors using a 5-to-170 channel window. All detectors were normalized according to manufacturers' suggestions.
The Lumaplate and tube transfer methods were then run in parallel with the method using the 96-well flexible beta plates (Perkin-Elmer) by using a nonvolatile liquid scintillant, Optiphase SuperMix (Perkin-Elmer). Flexible beta plates are constructed of polyethylene terephthalate and contain a printed gridline pattern on the surface to separate each well. An aliquot of 25 l of CRA supernatant was transferred from the supernatant plate to the flexible beta plate containing 150 l of Optiphase SuperMix. The plate was sealed, shaken vigorously for 15 min, and then counted on the Microbeta Trilux instrument as described above (Trilux method).
Optical cross talk was minimized by the use of the opaque-walled Lumaplates and the printed gridlines on the flexible beta plates. Isotopic cross talk was corrected for by the software protocol for each instrument. However, for chromium, the beta events are concentrated in one part of the spectrum and the high-energy gamma events that give rise to the cross talk problem are located at the higher end of the spectrum. The channel window setting of 5 to 170 minimizes the effect of cross talk. The cross talk of 1 Ci of 51 Cr in flexible beta plates run in the Microbeta Trilux instrument was 0.06%.
Percent specific lysis for 51 Cr release was determined with the following equation: [(experimental 51 Cr release Ϫ spontaneous 51 Cr release)/(maximum 51 Cr release Ϫ spontaneous 51 Cr release)] ϫ 100. All experiments were performed in triplicate wells. Results are expressed as mean percent specific lysis Ϯ standard deviation or mean counts per minute of triplicate wells. Percent spontaneous release in all of the assays was Յ12.4% for any target. Background levels (mean counts per minute Ϯ standard deviation) for empty wells and tubes (n ϭ 22) were 62.8 Ϯ 16.2 for the LKB method, 3.7 Ϯ 4.0 for Trilux, 2.0 Ϯ 1.2 for TopCount, and 2.2 Ϯ 9.1 for Lumalux.
Statistical analysis. Data obtained from other counting platforms were correlated with data collected by the traditional gamma counting procedure using the Pearson correlation coefficient. Spearman correlation coefficients yielded nearly identical findings and are therefore not reported. The nonparametric Mann-Whitney test was used to determine statistical differences between counting methods. A P value of Ͻ0.05 was considered significant.
RESULTS
Influenza virus-specific CD8 T-cell effector activity was evaluated with autologous influenza virus-infected B-LCL or uninfected (medium control) targets (Fig. 1) . Antigen-specific cytolytic responses (n ϭ 7) were measured at E:T ratios of 100:1, 50:1, 25:1, and 12.5:1 against uninfected (Fig. 1A) or influenza virus-infected (Fig. 1B) targets. The percent specific lysis was measured from the 96-well Lumaplates using the Wallac Microbeta Trilux and the Packard TopCount, from the 96-well flexible beta plates using the Microbeta Trilux instrument, or by the traditional CRA tube transfer method using the traditional gamma counter. The mean ranges for spontaneous and maximum release of each type of target (medium, influenza virus, Daudi, and K562) are expressed for each of the counting methods ( with the Lumaplates read on the Microbeta Trilux (Lumalux) for both the maximum and spontaneous release, followed by the Lumaplates read with the Packard TopCount instrument, traditional gamma counting (LKB), and finally the flexible beta plates with liquid scintillation read on the Microbeta Trilux instrument.
As shown in Fig. 1B , the lytic activity (specific lysis) against influenza virus-infected targets measured by the LKB method had a mean range of 27.8% lysis at an E:T ratio of 100:1 to 21.2% lysis at 12.5:1. The Trilux method showed a similar mean range of 27.7 to 20.2%. The TopCount method produced a mean range of 20.5 to 13.2%, while the Lumalux results ranged from 21.0 to 15.8%. The highest mean range of lytic activity compared to the LKB method was observed with Trilux, followed by Lumalux and finally TopCount. Although Trilux and LKB methods demonstrated similar ranges of lytic activity against influenza virus-infected targets for all E:T ratios, the differences seen in comparison with the Lumalux and TopCount methods were not statistically significant except when LKB was compared to TopCount at the 12.5:1 E:T ratio (P ϭ 0.03, Mann-Whitney). LKB also showed the highest mean percentage of specific lysis against uninfected targets when compared to the alternative methods (Fig. 1A) . Of the three alternative methods compared with the traditional LKB method, Trilux not only produced the highest mean range of lytic activity but also produced the lowest range of counts per minute, as represented in Table 1 .
The net percent specific lysis of influenza virus-specific responses relative to the medium control ranged from 22.3% at an E:T ratio of 100:1 to 18.7% at an E:T ratio of 12.5:1 with Trilux, 16.3 to 12.2% with TopCount, and 18.1 to 14.5% with Lumalux, compared to 20.9 to 18.0% with LKB.
LAK and NK activity (n ϭ 4) was measured against Daudi ( Fig. 2A) and K562 (Fig. 2B) cell lines by the four methods. LAK activity against Daudi targets measured with the LKB method had a mean range of 59.5% lysis at an E:T ratio of 100:1 to 31.2% lysis at an E:T ratio of 12.5:1 and 69.9 to 42.5% for NK activity against K562 targets. The TopCount method showed mean lytic ranges of 50.0 to 26.8% and 51.6 to 30.5% for LAK and NK activity, respectively. Trilux produced ranges of 63.1 to 36.0% for Daudi and 70.7 to 43.6% for K562 cell lysis. Mean ranges of 52.3 to 29.7% lysis for Daudi and 54.9 to 35.0% lysis with K562 targets were observed with the Lumalux method. Both NK and LAK activity corresponded well with the trend of lytic activity observed with the influenza virus-infected targets. Results demonstrated higher percentages with the LKB and Trilux methods than with the TopCount and Lumalux methods, but all followed similar patterns of titration. However, statistically significant differences were observed only between LKB and TopCount methods against K562 targets at E:T ratios of 100:1 to 25:1 (P ϭ 0.03) and between LKB and Lumalux at ratios of 100:1 and 50:1 (P ϭ 0.03). No significant differences were seen with the Daudi targets.
The correlation of percent specific lysis and counts per minute for influenza virus-stimulated effector cells against medium control and influenza virus-infected targets for each of the methods is shown in Fig. 3 and 4 . There was a strong correlation between percentage specific lysis (Fig. 3) and counts per minute (Fig. 4) for each of the methods evaluated compared with the traditional LKB method. The Trilux method ( Fig. 3A and 4A ) demonstrated correlation values of 0.967 for specific lysis and 0.977 for counts per minute. The TopCount method ( Fig. 3B and 4B) showed correlation values of 0.966 for specific lysis and 0.987 for counts per minute. The Lumalux method ( Fig. 3C and 4C ) also demonstrated a strong correlation with the LKB method, with values of 0.968 for specific lysis and 0.983 for counts per minute. Similarly strong correlations were found when analysis was restricted for influenza virus-specific responses against influenza virus-infected targets (r ϭ 0.922, 0.927, and 0.930 for Trilux, TopCount, and Lumalux, respectively). Comparison of percentage specific lysis within the separate E:T ratios tested for each method also exhibited a strong correlation with the LKB method, with r values of Ն0.957 at 100:1, Ն0.950 at 50:1, Ն0.984 at 25:1, and Ն0.956 at 12.5:1. Measurements of NK activity against K562 targets also showed excellent correlation (specific lysis, r Ն 0.975; counts per minute, r Ն 0.962) between instruments for the methods used, as did LAK activity against Daudi targets (specific lysis, r Ն 0.979; counts per minute, r Ն 0.990).
DISCUSSION
Several studies suggest that CTL and NK cells play a central role in the eradication of infectious diseases and cancer by the immune system (3, 5) . Chromium-51 is a good radioactive label for standard cytotoxicity assays and is generally nontoxic as Na 2 CrO 4 (2, 13) . Other advantages of chromium use include easy uptake by cells, relatively low spontaneous release, simple and sensitive detection, and stable target cell morphology or characteristics (2) . The major disadvantages of chromium are associated with the use, waste generation, and disposal of radioactivity, which can be significantly reduced with the methods evaluated using the benchtop microplate beta counters (TopCount and MicroBeta Trilux).
Here, we compared influenza virus-specific CTL, LAK, and NK cell responses assessed by chromium-51 release measured with three different instruments using either transfer tubes or 96-well microplates containing either a solid or liquid scintil- lant. Cytotoxicity results obtained with the different benchtop microplate beta counters correlated very well between instruments and with the traditional gamma counting system. However, the traditional LKB method produced the highest percent specific lysis with the uninfected and influenza virusinfected EBV targets as well as the K562 targets. The Trilux method showed results very similar to those of the LKB method and higher lytic activity with the Daudi targets. With the LKB method, the CRA traditionally yields a 200-l volume of supernatant that is collected into the harvesting filters. This volume is 4 to 8 times higher than the amount required for each of the alternative methods which demonstrated similar patterns of lytic activity. This advantage over the LKB method allows a reduction in sampling size requirements. In addition, the use of the microplate format to count chromium release in cytotoxicity assays eliminates potential errors associated with tube manipulation. Samples prepared in the 96-well plate format can be counted directly in that format, ensuring correct positioning of samples, and each plate replaces the need for 96 tubes. Maintaining the microplate format facilitates the possibility of automated liquid sample handling in the cases when liquid scintillation cocktail is used. The benchtop microplate beta counters also allow the utilization of the same equipment for detection of gamma-and beta-emitting isotopes. Some of these counters also have the ability to increase the number of detectors to allow up to 12 wells to be read simultaneously, greatly reducing the overall counting time and optimizing data output.
With increasing concerns over the safety and disposal of liquid scintillation cocktails, solid scintillation counting using Lumaplates represents a further attractive alternative to liquid counting in a microplate format by reducing the amount of mixed radioactive and chemical liquid waste generated. The lower volume size required with benchtop microplate beta counter formats also allows assay cultures to be scaled down, reducing total cell numbers and sampling sizes and minimizing the amount of radioactive waste generated. These features make the TopCount and Lumalux methods suitable for highthroughput settings.
However, the applicability of the microplate methods to the analysis of cytolytic responses to weak inducers of CTL activity or from patients with compromised immune systems needs to be further examined.
In summary, our results indicate that supernatants from CRA can be counted in solid or liquid scintillant with Microbeta Trilux or TopCount Instruments and that each of these methods correlates significantly with the traditional gamma counting method. FIG. 4 . Correlation of mean counts per minute of influenza virusstimulated effectors against influenza virus-infected and control uninfected targets obtained by traditional gamma counting with those obtained from the Microbeta Trilux instrument using a solid (Lumalux) and a liquid (Trilux) scintillant and from the TopCount instrument using solid-scintillant Lumaplates.
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